Abstract-A focused, pulsed x-ray beam was used to compare SET characteristics in pristine and proton-irradiated Al 0.3 Ga 0.7 N/GaN HEMTs. Measured SET amplitudes and trailing-edge decay times were analyzed as was the collected charge, obtained by integrating the SET pulses over time. SETs generated in proton-irradiated HEMTs differed significantly from those in pristine HEMTs with regard to the decay times and collected charge. The decay times have previously been shown to be attributed to charge trapping by defect states that are caused either by imperfect material growth conditions or by protoninduced displacement damage. The longer decay times observed for proton-irradiated HEMTs are attributed to the presence of additional deep traps created when protons lose energy as they collide with the nuclei of constituent atoms. Comparison of electrical parameters measured before and immediately following exposure to the focused x-ray beam showed little change, confirming the absence of significant charge buildup in passivation layers by the x-rays themselves. A major advantage of the pulsed x-ray technique is that the region under the metal gate can be probed for single-event transients from the top side, an approach incompatible with pulsed-laser SEE testing that involves the use of visible light.
including Al x Ga 1−x N/GaN HEMTs, when incident ions, passing through or close to sensitive nodes in the device, interact with constituent atoms, liberating electrons that disturb nodal voltages. Such disturbances take the form of voltage glitches, whose amplitudes and widths depend on a number of factors, including technology, bias conditions and strike location. SETs in pristine Al x Ga 1−x N/GaN HEMTs are, generally, of short duration, being on the order of picoseconds to nanoseconds. Their appearance at the source, gate and drain contacts of the HEMT are dependent on the applied bias and ion-strike location.
A recent addition to the arsenal of probes available for investigating SETs in electronic devices is the pulsed, focused x-ray beam [1] , [2] , [3] . Similar to ions and to photons in the visible spectrum, x-rays passing through material also produce electron-holes pairs, but the energy-loss mechanisms involved are not the same. Yet both result in SETs, which begs the question as to whether the SETs produced by x-rays bear any resemblance to SETs produced by ions or by pulsed laser light. A notable advantage of x-rays is their ability to penetrate metal over-layers and inject charge underneath the gate, something that is not possible with visible laser light. Another advantage is the very short wavelength (λ = 0.1554 nm for 8-keV x-rays) that, in principle, enables the x-ray beam to be focused to a diffraction-limited spot whose size is much smaller than achievable with visible light from pulsed lasers. As a result, high-resolution spatial plots of SET sensitivity are possible. The 8-keV x-ray beam decays exponentially with distance and has a penetration depth in GaN of 30 μm, which is much longer than the combined depths of 2 μm for the Al 0.3 Ga 0.7 N and GaN layers.
We report here on the use of a focused, pulsed x-ray beam to investigate SETs in Al 0.3 Ga 0.7 N/GaN HEMT test structures specifically designed and fabricated at the Naval Research Laboratory to facilitate such testing. We demonstrate that x-rays are able to generate SETs in Al 0.3 Ga 0.7 N/GaN HEMTs and that the SET characteristics may be used to extract information about the quality of the material, specifically trap densities and energies.
The current experiments are an improvement over previous x-ray experiments [1] , [2] , [3] because detailed information about the structure of the HEMTs is available to aid in the interpretation of the data. Specifically, the role of material 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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quality in determining SET shapes was assessed by testing two HEMTs grown on a Si substrate, one pristine and one with a considerable amount of displacement damage as a result of exposure to a high flux (6 × 10 14 /cm 2 ) of 2-MeV protons. This is a comprehensive study of the factors that influence SET shapes because, not only are SET shapes compared for pristine and irradiated HEMTs, but SETs are also measured as a function of biases applied to the source, gate and drain and as a function of spatial location. Improvements to the experimental setup include changes to the angle of incidence of the x-ray beam relative to the device surface normal -from 45 degrees to 0 degrees in order to simplify the analysis of charge collection -and the addition of a beam chopper to reduce the x-ray pulse repetition rate, which is necessary when capturing long-duration transients.
I. BACKGROUND

A. Ion Beam Experiments
Several studies using broad and focused ion beams have reported the observation of SETs in Al x Ga 1−x N/GaN HEMTs [4] , [5] , [6] . The characteristics of the SETs reported by the several groups differed because the HEMTs tested had different alloy concentrations (x-values) and different physical structures (gate widths and thicknesses of the Al x Ga 1−x N layer). Devices that had previously been exposed to high fluxes of low-energy protons to produce displacement damage exhibited SETs with slowly decaying trailing edges that greatly increased the SET duration. It was suggested that the long trailing edges of the SETs were due to a "bipolar" or "back-gating" effect associated with the presence of holes in the GaN layer [5] .
B. Pulsed X-Rays Experiments
The initial demonstration of SET generation with a focused, pulsed x-ray beam involved the use of a commercial Al 0.3 Ga 0.7 N/GaN HEMT as a test vehicle [1] . No information concerning the structure of the test vehicle was available, significantly impeding any attempt at interpretation. SETs were captured for various x-ray energies with the device biased off. Subsequent analysis revealed enhanced charge collection, i.e., more charge is collected than deposited by the x-ray beam. Enhanced charge collection associated with SETs has previously been observed in other III-V devices and attributed to parasitic bipolar and/or back-gating effects [4] .
C. Pulsed Laser Light Experiments
We have previously reported on the observation of SETs generated in Al 0.3 Ga 0.7 N/GaN Schottky-barrier HEMTs with focused, pulsed laser light via two-photon absorption (TPA) and single-photon absorption (SPA) [7] , [8] . This approach allowed us to conduct SET experiments under a wide variety of bias conditions and to perform spatial scans of SET amplitude and charge collection. For example, for a HEMT biased off, our results indicate the following: SET amplitude and charge collection increase with applied drain bias; no SETs appear at the source when the light is focused on the drain; most of the current flow is between the gate and the drain. Cross-sectional view of the HEMT structure used for pulsed x-ray testing. The dashed line shows the location of the two-dimensional electron gas at the interface between the Al 0.3 Ga 0.7 N/GaN layers.
In contrast, when the device is biased on, we observe the following: SETs appear at the source, gate and drain, and involve electrons flowing from the source and gate to the drain; the SETs persist for longer times compared to when the device is biased off; SET amplitudes are a maximum when the device is biased close to pinchoff and decrease for both larger and smaller gate biases.
Spatial maps of SET sensitivity were generated and revealed that, at moderate drain biases (<20 V), the area most sensitive to SETs is in the drain, approximately 1.25 μm from the gate edge. The location of maximum SET sensitivity is at the same location where the electric fields between the gate and drain are a maximum [9] . The spatial maps reveal that the SET shapes vary with location in the drain. At some locations, termed "hot spots", SETs have larger amplitudes than in surrounding areas. The "hot spots" are attributed to a high density of charge traps at defects, such as threading dislocations, which are a consequence of the poor quality of the material that produced when the GaN buffer layer is grown on a substrate, in this case Si, with poor lattice match. Devices that had been exposed to a low-energy proton beam exhibit long-duration SETs in the drain region, and are attributed to the generation of additional charge trapping sites associated with proton-induced displacement damage.
II. EXPERIMENT Fig. 1 shows a cross-sectional view of the Schottky-gate HEMTs used for x-ray testing. Their structures are identical to the ones previously tested with pulsed laser light [8] . The HEMTs used in these experiments were grown on Si substrates by MOCVD, resulting in devices with a relatively high defect density.
The first step in the manufacture of the HEMT involves the growth of a layer of GaN, 2-μm thick, on top of the Si substrate. Next, a 17-nm thick layer of Al 0.3 Ga 0.7 N was grown on top of the GaN layer. A SiN x passivation layer (100-nm thick) and metal contacts to the source, gate and drain completed the device that had gate lengths of 5 μm and gate widths of 100 μm. The devices were mounted in high-frequency (40-GHz) packages in order to capture fast transients. Bias Tees were used to apply bias to all three terminals while simultaneously capturing SETs.
Experiments were performed at beamline 20-ID-B of the Advanced Photon Source (APS) at Argonne National Labora-tory using x-ray pulses 100-ps long, having energy of 8 keV, with 2.7 × 10 5 photons/pulse. X-rays are able to penetrate the metallization without much attenuation, and then to penetrate the AlGaN and GaN layers to a depth of 30 μm, which is more than adequate for these experiments. The beam was focused onto the DUT using a Kirkpatrick-Baez (KB) focusing optic to produce a circular spot size of approximately 1.8 μm. This spot size is much larger than what is theoretically possible due to the limitations of the available focusing optics. The device under test (DUT) was mounted on a motorized 3D translation stage that allowed the part to be moved with respect to the x-ray beam with an accuracy of 0.5 μm. The DUT was oriented normal to the incident x-ray beam in order to achieve a more accurate comparison between the x-ray and the pulsedlaser approach. Transients on the source, gate and drain were captured using a Tektronix DPO 71604 digital oscilloscope having a bandwidth of 16 GHz and a sampling rate of 50 GS/s.
III. RESULTS AND DISCUSSION
Prior to the x-ray tests, one of the HEMTs with a Si substrate was exposed to a beam of 2-MeV protons (fluence = 6 × 10 14 protons/cm 2 ) to produce displacement damage. Associated with the displacement damage are defects that could affect SET shapes and, thereby, reveal information about the properties of the defects, such as their densities and energy levels. Fig. 2 shows SETs captured at the source, gate and drain of both a pristine (top) and a proton-irradiated (bottom) HEMT as a function of gate bias when the x-ray beam was focused on the drain access region, about 1.25 μm from the edge of their gate. That area had previously been identified with pulsed laser-light as being highly sensitive to SETs due to the presence of very large electric fields [9] . The same area exhibits an enhanced sensitivity to SETs when probed with x-rays.
SETs in the two devices have comparable amplitudes, but SETs in the irradiated device are of much longer duration than in the pristine device. The presence of long-duration SETs in the irradiated HEMT was previously observed with pulsedlaser light [6] . Inspection of the SETs in Fig. 2 indicates that when the HEMTs are biased off, current flows from the drain to the gate, but when they are biased on, current flows from the drain to both the gate and the source, essentially identical to what was observed with pulsed laser-light. Fig. 3 shows SET peak amplitude as a function of gate bias for both pristine (top) and proton-irradiated (bottom) HEMTs. The amplitudes of the pristine and irradiated devices, which are obtained from the SETs of Figure 2 , have the same dependence on gate voltage, i.e., the amplitudes of the drain and the gate signals exhibit a marked decrease at voltages greater than −1 V, which is also the voltage at which the source signal amplitude is a maximum. This behavior is consistent with an absence of threshold voltage change following proton irradiation, which suggests that proton irradiation did not produce a buildup of permanent charge in the passivation layer that would have caused a shift in the threshold voltage. These results are in substantial agreement with those previously obtained using pulsed laser-light [7] , [8] .
Further insight into the dependence of SET shape on gate bias was obtained by measuring the transconductance (g m ) of both devices just prior to x-ray testing. Fig. 4 shows that the maximum g m for the pristine device is more than twice that of the irradiated device, while the gate voltage at which the maximum occurs is the same for both devices. The decrease in g m is consistent with the generation of displacement damage in the semiconductor layers following proton irradiation. The associated traps reduce both the carrier density and mobility of the 2-dimensional electron gas. On the other hand, the absence of a shift in the gate voltage at which the maximum in g m occurs following irradiation is an indication that there is no buildup of permanent charge in the passivation layers as a result of the proton irradiation, thus confirming the results of Figure 3 . Either no charge trapping occurs in the SiN x layer, or the traps are annealed during the long time that elapsed between the proton irradiation and the x-ray measurements.
Defects, associated with displacement damage, are known to act as either traps or recombination centers for electrons and holes [10] , [11] . A wide bandgap material like GaN may have a variety of traps with different energy levels within the bandgap. When a focused x-ray beam, pulsed laser beam or energetic ions impinge on GaN, electrons are excited from bound states or valence band states into the conduction band, leaving behind holes; liberated electrons and holes both contribute to the formation of SETs. There are competing mechanisms determining the fate of the liberated electrons or holes and thus the shape of the SETs. For example, electrons and holes could be separated by the electric fields in the device, increasing the size of an SET. Electrons and holes could also recombine via band-to-band processes or through a mid-gap center, reducing the number of charges present and shortening the duration of the resulting SETs. Finally, they could also become trapped in shallow traps and disturb the voltages on the nodes until they thermalize, leading to longer lasting SETs.
In previous publications involving the use of pulsed laser light to generate SETs, we postulated that the long tails of the SETs are due to positive charge trapped in defects that give rise to back-gating or bipolar effects [7] , [8] . The extended SET pulse widths observed in the proton irradiated HEMTs with pulsed x-ray beams are likewise attributed to the trapping of holes in the semiconducting layers because they induce an enhanced drain electron current. Over time, the current gradually decreases as the traps are emptied of holes by thermal excitation. The time constant for thermal excitation depends on the difference in energy between the trap and the valence band edge. More time is required to empty traps by thermal excitation if they are deeper within the bandgap. Trapping times are also affected by electric fields that lead to de-trapping via the Poole-Frenkel mechanism [12] .
SET shapes were analyzed by fitting a set of exponentially decaying curves to precisely match the trailing edges of the SETs. The equation is given by:
where A i are the amplitudes, T i are the decay time constants, and T is time.
Figs. 5 and 6 show examples of the fitting procedure for both the pristine and proton-irradiated devices, respectively, when the HEMTs were biased off (V gs = −4V). Comparisons could be made between the two HEMTs for the same gate bias because of the absence in the irradiated HEMT of the proton-induced fixed charge in the passivation layer that could alter the threshold voltage. Under these conditions, the pristine HEMT required two exponentially decaying functions with different amplitudes and time constants to achieve a good fit to the SET's tail, whereas the proton-irradiated HEMT required three. The presence of the third component in the irradiated HEMT is attributed to proton-induced defects that act as traps.
These results are different from those previously obtained for a pristine HEMT with pulsed laser light where three exponentially decaying functions were required for a good fit to the SETs with relatively long-duration tails [8] . The presence of the third time constant for a pristine HEMT is attributed to defects in the GaN buffer layer that results when grown on a silicon substrate. Fig. 7 shows the amplitudes of the exponential functions required to fit the trailing edges of the SETs as a function of gate voltage when the x-ray beam was focused on the most sensitive region of the drain. Amplitudes for the gate and drain of the pristine HEMT are on the top and for the proton-irradiated HEMT they are on the bottom. The figure shows that SETs at the gate have positive amplitudes whereas those at the drain have negative values. The amplitudes of the shortest exponential functions (decay time = T1) for transients in the pristine HEMT are larger than those in the irradiated Transients on the drain (top) and gate (bottom) of a HEMT previously exposed to a beam of 2-MeV protons. The HEMT was biased off (V gs = −4V). The trailing edges are fit with three exponentials that have comparable amplitudes and decay times.
HEMT, but the reverse is the case for the longer exponential functions (T2 and T3). In all cases, the shortest transients (T1) have the largest amplitudes which decrease when the device is biased on. However, the proton irradiated HEMT has larger T2 and T3 components.
The SET amplitude at the source may be obtained by taking the difference between the amplitudes at the drain and gate. The figure shows that when the HEMT is biased hard off, the SETs on the drain and gate have opposite signs but equal amplitudes, but as the gate bias increases, the amplitude of the SET at the gate decreases while that at the drain increases. This behavior is indicative of current flowing only from the drain to the gate when the HEMT is biased off but from the drain to both the gate and source when the HEMT is biased on. In contrast, the component of the transient current flowing from the drain to the source in the proton-irradiated HEMT is much smaller, as is evident from the bottom graph of Fig. 7 . Fig. 8 shows plots of the time constants required to fit the trailing edges of the SETs in the pristine and proton- irradiated HEMTs. (Note that the decay times are plotted on a logarithmic y-axis.) The figure indicates that T2 for the drain of the pristine HEMT is larger when the HEMT is biased on than when it is biased off and that there is little dependence on bias for voltages greater than −1 V. That is not the case for SETs on the gate where T2 first increases and then decreases as the voltage is increased from −4V to +1V.
In contrast, the behavior of the time constants for the proton-irradiated HEMT is quite different, i.e., T2 and T3 for transients captured at the drain increase significantly as the gate is biased more positively. However, the transients on the gate become narrower as the bias on the gate is increased, with both T2 and T3 components disappearing. With the HEMT biased on, the SETs on the drain mirror those on the source with long time constants, but the SETs on the gate become narrower with a greatly reduced amount of charge collected at the gate.
With the HEMT mounted on an X-Y stage, it was possible to capture SETs at different locations on the device. After an SET had been captured at a specific location and then stored in a file, the stage was moved by a fixed amount and another SET was captured and stored. This procedure was repeated, first by stepping in just one direction to produce a linear scan and later by stepping in both X and Y directions for a twodimensional scan. Fig. 9 shows plots of charge collection as a function of distance along a straight line in the drain parallel to the edge of the gate for the pristine (top) and proton-irradiated (bottom) HEMTs. The collected charge was obtained by integrating the current over the duration of the SET. The plots are for SETs captured at the source, gate and drain of the HEMTs. For these measurements, the HEMTs were biased off (V g = −4 V). The figure shows that, overall, the charge collection in both cases is relatively constant, with minor deviations. First, in the case of the pristine HEMT, there is a slight increase in the charge collection with distance, most likely due to a slight misalignment between the path of the x-ray beam across the device surface and the area most sensitive to SETs. Second, in the case of the proton-irradiated HEMT, there is one spot at 70 μm where the collected charge is approximately an order of magnitude greater. The enhanced charge collection at that location is consistent with previous pulsed-laser measurements that revealed "hot spots" with enhanced charge collection. The enhanced charge collection is due primarily to an increase in pulse width, and occurs near intrinsic defects, such as threading dislocations. Fig. 10 shows scans in a direction perpendicular to the scan of Figure 9 , i.e., from the source through the gate (grey rectangle) to the drain. With the device biased strongly off, there are maxima in the charge collection for the pristine device when the x-ray beam is positioned either on the source or the drain, but relatively little charge collection when the beam was focused on the gate. The direction of current flow during the SET is consistent with applied bias conditions, i.e., with the pristine device biased off, and the x-ray beam focused on the drain, charge collection on the gate is positive, indicating current flow from the drain (20 V) to the gate (−4 V). In contrast, with the beam focused on the source, current flows from the source (0 V) to the gate (−4 V).
For the irradiated device, charge collection is a maximum when the x-ray beam is focused on the drain adjacent to the gate. Charge collection decreases continuously as the beam is moved away from the drain and towards the gate and the source. These results clearly demonstrate that the region most sensitive to SETs is in the drain adjacent to the gate, and the region under the gate, which could not be probed with the pulsed laser, is much less sensitive.
Once it was determined that the experimental setup could produce linear plots of SET sensitivity, two-dimensional plots were attempted. The part was moved in steps of 1 μm, and, at each point, several SETs were captured, averaged and stored, and the X and Y co-ordinates noted. Fig. 11 shows a two-dimensional plot of SET amplitude at the drain of a proton-irradiated HEMT. The results are largely consistent with similar spatial plots obtained with pulsed laser-light [8] , i.e., the region most sensitive is in the drain access region about 1.25 μm from the edge of the gate metal and there is a "hot spot" where the SETs have significantly larger amplitudes. The spatial plot is consistent with current flowing from the drain to the gate but no current flowing from the source, even when the x-ray beam was focused on the source itself. This is tentatively attributed to the small electric field present in the source, V sg = −4V, that is not efficient Fig. 11 . Two-dimensional plot of x-ray induced SET amplitudes measured at the drain, gate and source of a proton-irradiated HEMT. The rectangle is an outline of the metal gate with the drain to the left and the source to the right.
at separating the x-ray generated electrons and holes. This is in contrast to the large electric field present at the edge of the metal gate with V dg = 20V. When electrons and holes are not separated, there is a strong tendency for them to recombine which reduces the SET amplitude.
An important issue to consider is whether the probe itself, the x-rays, produce any damage in the form of total ionizing dose in the HEMT that could distort the shapes of the SETs and mask the role of defects in the semiconductor. Since the devices tested here are all HEMTs with Schottky gates, there is no insulator between the gate metal and the semiconductor. That should minimize total dose effects, but not eliminate them as charge could still be generated in the SiN x passivation layer on top of the drain and source. Fig. 12 shows I-V curves for a HEMT prior to and following testing with the x-ray beam focused on the drain. I-V measurements were performed in order to measure threshold voltage because the shapes of SETs are affected by the value of the gate bias relative to the threshold voltage. It is evident from the figure that there is no change to the threshold voltage of the HEMT following exposure to the x-ray beam. It, therefore, follows that any total ionizing dose imparted to the device is insufficient to distort the shapes of the SETs.
IV. SUMMARY AND CONCLUSION
A focused, pulsed x-ray beam was used to generate SETs in Al 0.3 Ga 0.7 N HEMTs grown on Si substrates. The properties of the SETs, i.e., amplitude-and width-dependence on strike location, drain, gate and source bias, and material quality, are in substantial agreement with what was observed previously using pulsed laser light. Confidence in the ability of the pulsed x-ray technique to test for SETs in wide bandgap materials like Al x Ga 1−x N and GaN has thus been established and paves the way for future SET experimentation to generate high resolution two-dimensional plots of SET sensitivity employing a more focused x-ray beam and smaller step sizes for the stage. The broadening of the SETs in the proton-irradiated HEMTs is tentatively attributed to the trapping of holes in the GaN layer that are released thermally over a time reflected in the decay times of the SETs.
